Silicon is widely regarded as the substrate of choice for future photonic devices and systems. It has the lowest cost and highest crystal quality of any semiconductor material[@b1], and decades of fabrication knowledge and expertise have been established by the complementary metal-oxide semiconductor (CMOS) industry. Most conventional Si photonic devices[@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11] are fabricated using silicon-on-insulator (SOI) substrates[@b12] for optical confinement purposes. However, the migration of Si photonics to bulk Si substrates, with localised SiGe-on-insulator (SGOI) layers for active photonic and electronic devices[@b13] (SiGe has higher carrier mobilities than Si[@b14]), is of major interest for cost, process flexibility, and electronic compatibility reasons. A CMOS compatible electronic-photonic integrated platform, on Si substrates, requires the growth of Ge for photodetection[@b15][@b16]. Additionally, the growth of SiGe for electro-absorption (EA) modulators[@b17] is desirable. The EA modulator has unique advantages for use in electronic--photonic integration because it forms devices on the micrometre scale, as opposed to the millimetre scale of other modulator designs such as Si Mach-Zehnder based designs, whilst also demonstrating a very low energy consumption of 10--100 fJ per bit[@b18]. The EA effect is an ultrafast process that takes place in sub-picosecond timescales[@b19], and in principle, is therefore capable of \>100 GHz high-speed modulation. However, EA modulators are only able to operate over a small spectral range. For the realisation of dense wavelength division multiplexing (WDM), with a large number of channels, the growth of multiple SiGe layers, each with a different composition, is required so that each modulator operates at a different wavelength (the composition of a SiGe alloy determines both the bandgap energy[@b20], and the lattice constant[@b21]). This will enable operation over a larger spectral range, therefore greatly enhancing the aggregate data rate of the transceiver system. Optical leakage into the Si substrate can be prevented by localised buried SiO~2~ layers, which are formed as part of the rapid melt growth (RMG) process used in this paper for SGOI formation.

This RMG technique, also referred to as liquid phase epitaxy (LPE)[@b22], involves the lateral liquid phase regrowth of SiGe structures upon an insulator, from a Si seed, as shown in [Fig. 1](#f1){ref-type="fig"}. It is enabled by the fact that Si has a much higher melting point than Ge (1414 °C and 938 °C respectively), meaning that the Ge can be melted whilst the Si, acting as a template, maintains its crystal structure. One of the major advantages of this technique is that the initial growth of Ge is non-critical because the material will be subsequently melted, meaning finely tuned growth conditions are not required. All threading dislocations, caused by the lattice mismatch between Si and Ge, are confined to the seed area and do not propagate along the SiGe structures, resulting in single crystal, device grade material[@b23]. Due to the high diffusivity of Si (from the substrate) in liquid Ge[@b24], a whole range of SiGe compositions can be achieved from an initial pure Ge growth. Ge diffusion into the Si substrate is also observed during the melting phase[@b23]. Other fabrication techniques for producing SGOI include layer transfer using a donor wafer[@b25] and Ge condensation[@b26]. However, using these techniques, only a single SiGe composition can be achieved per wafer. In previous work, we have demonstrated the ability to form uniform composition SiGe-on-insulator by RMG using tailored structures[@b23]. In this paper, we investigate the structural parameters that affect the SiGe composition profile, and demonstrate for the first time the ability to grow multiple uniform composition SiGe strips, each with a different composition, on a single wafer, at the same time.

Results & Discussion
====================

The regrowth of a simple straight SiGe strip using RMG results in a graded composition profile, with higher Si composition near the seed, and pure Ge at the distal end of the strip. This type of structure can be utilised for the growth of pure Ge for photodetectors[@b27]. The graded composition is a result of preferential Si rich solid formation, with rejection of Ge into the liquid, as the epitaxial regrowth front propagates along the strip, caused by the large separation between the solidus and liquidus curves of the SiGe phase diagram ([Fig. 2](#f2){ref-type="fig"}). This type of SiGe composition profile occurs under conditions of slow regrowth front propagation velocity, therefore enabling the rejected Ge to fully diffuse into the bulk melt. In order to fabricate device grade SiGe, a uniform composition is required. This can be achieved with the addition of radiating branches, added to the main SiGe strip, as detailed in [Fig. 3](#f3){ref-type="fig"}. These branches increase the cooling rate of the structure, and therefore also increase the regrowth front propagation velocity, so that any rejected Ge at the regrowth front is incorporated into the solid before it can diffuse into the bulk melt. [Figure 4](#f4){ref-type="fig"} details the effect of the branch dimensions on the composition profile in the main central strip of the tree-like structures. The thickness of the SiGe layer is 400 nm.

[Figure 4a](#f4){ref-type="fig"} shows a range of branch separations with a fixed branch width (5 μm) and branch length (20 μm). The main strip is 100 μm long in all cases. The branch separation is reduced by adding additional branches ranging from *n* = 4 (*B*~*S*~ = 25 μm) to *n* = 10 (*B*~*S*~ = 5 μm). There is a clear change in the composition profile of these structures when compared with the straight strip (no branches). This is attributed to the cooling effects of the branches, which means that there is no longer complete mixing of the rejected Ge into the liquid ahead of the regrowth front, due to a faster regrowth front propagation velocity. Therefore, a more uniform composition profile is achieved, until the end of the strip where the remaining distance left to solidify is short enough that complete mixing of the rejected Ge into the liquid occurs. It can be seen that there is negligible change in the composition profile when *B*~*S*~ \< 10 μm, meaning that the cooling rate capability of the branches must saturate at this point.

[Figure 4b](#f4){ref-type="fig"} shows a range of branch widths with a fixed branch length (20 μm). The branch separation varies from 3 μm for the widest branch (*B*~*W*~ = 5 μm) to 7 μm for the narrowest branch (*B*~*W*~ = 1 μm) in order to keep the total length of the tree-like structure constant (*C*~*L*~ = 65 μm). This small variation in *B*~*S*~ has been shown in [Fig. 4a](#f4){ref-type="fig"} to have very little effect on the composition profile, so for the purposes of this discussion it will be neglected. It can be seen that whilst increasing *B*~*W*~ leads to a slight flattening of the composition profile, the effect is much less profound than increasing *B*~*L*~ by the same proportion (i.e. *B*~*L*~ = 5 μm to 25 μm and *B*~*W*~ = 1 μm to 5 μm), as shown in [Fig. 4c](#f4){ref-type="fig"} which shows a range of branch lengths with a fixed branch width (5 μm) and branch separation (3 μm). As *B*~*L*~ is extended the composition profile becomes more uniform. This shows that extending *B*~*L*~ increases the cooling rate much more effectively than extending *B*~*W*~. In order to demonstrate this, [Fig. 4d](#f4){ref-type="fig"} plots three different branch dimensions, each with the same total volume (8 μm^3^). The flatter composition profiles caused by the long, thin branches indicate a faster regrowth front propagation velocity, and therefore an increased cooling rate. The long, thin branches have an increased surface area exposed to the SiO~2~ (due to the increased sidewall surface area of the 3D structures) when compared with the short, wide branches. We can then hypothesize that when a larger surface area is exposed to the SiO~2~ it leads to increased heat dissipation (the exposed sidewall surface areas are 16.4 μm^2^, 8.8 μm^2^, and 5.6 μm^2^ for the 20 × 1 × 0.4 μm^3^ branches, 10 × 2 × 0.4 μm^3^ branches, and 5 × 4 × 0.4 μm^3^ branches, respectively).

For these particular structural dimensions the composition profile does not become uniform for *B*~*L*~ ≤ 25 μm. However, in previous work we have observed a uniform composition profile with structural parameters *C*~*W*~ = 3 μm, *B*~*W*~ = 5 μm, *B*~*L*~ = 20 μm, *B*~*S*~ = 3 μm and *C*~*L*~ = 65 μm[@b23] (shown in [Fig. 4c](#f4){ref-type="fig"}), the only difference being a decrease in *C*~*W*~. This suggests that in order to achieve a uniform composition profile in the central strip, the branches must be wider than the central strip. The maximum width however, is limited to 5 μm as SiGe agglomeration is observed in the melt at greater widths[@b28]. This therefore limits the central strip width t~o~ \<5 μm using this particular fabrication process.

To understand how the cooling rate affects the composition profile in the central strip of the tree-like structures the segregation coefficient, *k*, must be considered. At any given temperature, *k* can be defined as the ratio between the Ge composition in the solid, *C*~*S*~, and the Ge composition in the liquid, *C*~*L*~, at the regrowth interface, which can be calculated from the SiGe phase diagram[@b29]:

This equation is only correct under equilibrium conditions, which is approximately true when the regrowth front propagation velocity is slow. However, under non-equilibrium conditions (i.e. when the regrowth front propagation velocity is fast, as with the tree-like structures) the Ge composition is non-uniform in the melt ahead of the regrowth front. Consequently, the effective segregation coefficient, *k*~*e*~, must be considered instead[@b30]:

where *R* is the regrowth front propagation velocity, *D* is the diffusion coefficient of Ge in liquid SiGe[@b31], and *d* is the length of the boundary region with non-uniform Ge distribution. From this equation it can be seen that as *R* increases, *k*~*e*~ tends towards unity. In practice, this implies that a high regrowth front propagation velocity will lead to minimal segregation at the regrowth front, and therefore a uniform composition profile.

Most crucially, in order to grow multiple uniform SiGe compositions on the same wafer, the tree-like structures described above have been combined with a straight strip, to incorporate the graded composition profile of the straight strip with the uniform composition profile of the central strip of the tree-like structures. This novel structure results in a range of tuneable uniform compositions, as shown in [Fig. 5](#f5){ref-type="fig"}.

This structure demonstrates a Ge composition of 81%, 92%, 95%, and 97% in the central strip of the first, second, third, and fourth tree-like structures, respectively. The standard deviations of the 7 measured points in each tree-like structure are 0.006, 0.008, 0.004, and 0.002, respectively, showing that the composition can be controlled to within 1% of the mean (which is within the measurement error), over a 56 μm length, using this method. This length could potentially be extended beyond 56 μm simply by modifying the structural design by increasing the central strip length and adding more branches. An investigation is currently underway to determine the maximum achievable length. Lower Ge compositions could also be achieved with a higher anneal temperature, as per the SiGe phase diagram. This design has the potential to be extremely powerful for SGOI growth as it enables a multitude of uniform compositions to be achieved using a single growth step, therefore allowing a large degree of design freedom across a single wafer.

In conclusion, we have demonstrated the ability to locally tune the SiGe alloy composition by means of an RMG technique with tailored structures for high quality SGOI layer formation, using only a single Ge growth step and a single anneal step. This is revolutionary for applications that require multiple crystalline SiGe compositions on the same substrate, such as wavelength division multiplexing (WDM) systems. The composition is dictated by structural design, and not by the deposition or growth method. Furthermore, the layers are grown using simple, CMOS compatible, low cost fabrication methods, with a low thermal budget. This technology could pave the way for the seamless integration of electronics and photonics on a variety of substrates such as bulk Si or SOI.

Methods
=======

Fabrication process
-------------------

All fabrication was carried out using 6 inch \<100\> bulk Si wafers. Firstly, a 50 nm SiO~2~ layer was deposited using plasma enhanced chemical vapour deposition (PECVD). This SiO~2~ layer was patterned using standard UV photolithography and a dilute (20:1) HF etch in order to expose the underlying Si, which acts as a seed for the SiGe regrowth process. A 400 nm Ge layer was then grown using a non-selective PECVD process. This was patterned into the desired structures using standard UV photolithography and an inductively coupled plasma (ICP) etch, to leave Ge structures emanating from the Si seeds. A 1 μm SiO~2~ layer was subsequently deposited by PECVD in order to encapsulate the Ge structures, forming micro-crucibles. Finally, the samples were heated in a rapid thermal annealer (RTA) in order to melt the encapsulated Ge and initiate recrystallization upon cooling. The temperature within the RTA chamber was stabilized at 500 °C, before ramping to the maximum temperature (in the range 1030 °C to 1055 °C) at a rate of approximately 100 °C/s. The wafers were held at the maximum temperature for 1 second before cooling naturally. The cold walls of the RTA chamber assist in the rapid cooling process. This process is summarized in [Fig. 1](#f1){ref-type="fig"}.

Material characterization
-------------------------

The SiGe composition in the central strip of the tree-like structures has been characterized using 532 nm Raman spectroscopy, with a 50x objective lens, which results in a laser spot size of approximately 0.5 μm. The penetration depth of the laser, which is dependent on the SiGe composition, is in the range 17 nm to 83 nm for the compositions measured[@b32]. The Ge composition, *x*, has been calculated using the Mooney equation[@b33], with a *k* value of 1.2[@b23], by measuring the ratio of the SiGe mode intensity (at approximately 380 cm^--1^) to the GeGe mode intensity (at approximately 300 cm^--1^) at each point in a lateral scan of the central strip. The SiGe composition is then plotted as a function of the distance from the Si seed.
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![RMG fabrication process summary (cross-section view).\
(**a**) SiO~2~ deposition and patterning, (**b**) Ge growth and patterning, (**c**) encapsulation and rapid melting/cooling. Si diffuses from the substrate into the liquid Ge during the melting phase, resulting in solid SiGe formation during cooling.](srep19425-f1){#f1}

![SiGe phase diagram -- adapted from[@b29].](srep19425-f2){#f2}

![Schematic of a tree-like structure (plan view).\
Dimensions are defined as: centre strip width = *C*~*W*~, centre strip length = *C*~*L*~, branch width = *B*~*W*~, branch length = *B*~*L*~, branch separation = *B*~*S*~, and number of branches = *n*.](srep19425-f3){#f3}

![Ge composition as a function of distance from the Si seed for the central strip of tree-like structures with a range of branch dimensions.\
(**a**) *C*~*W*~ = 5 μm, *B*~*W*~ = 5 μm, *B*~*L*~ = 20 μm and *C*~*L*~ = 100 μm. The total number of branches increases from n = 4 (*B*~*S*~ = 25 μm) to n = 10 (*B*~*S*~ = 5 μm). Estimated maximum SiGe temperature = 1030 °C, (**b**) *C*~*W*~ = 5 μm, *C*~*L*~ = 65 μm and *B*~*L*~ = 20 μm. *B*~*S*~ = 3 μm to 7 μm, resulting in equal number of branches on each structure (*n* = 8), (**c**) *C*~*W*~ = 5 μm (or *C*~*W*~ = 3 μm[@b23]), *B*~*W*~ = 5 μm, *B*~*S*~ = 3 μm, *C*~*L*~ = 65 μm and n = 8, (**d**) *C*~*W*~ = 5 μm, *C*~*L*~ = 65 μm and n = 8. Estimated maximum SiGe temperature for (**b**--**d**) = 1055 °C.](srep19425-f4){#f4}

![Ge composition as a function of distance from the Si seed for a straight strip with a series of attached tree-like structures.\
Tree properties: *C*~*W*~ = 3 μm, *B*~*W*~ = 5 μm, *B*~*L*~ = 20 μm, *B*~*S*~ = 3 μm, *C*~*L*~ = 65 μm and n = 8. Main strip dimensions: width = 5 μm and length = 230 μm. Trees are located at distances of 30 μm, 90 μm, 150 μm and 210 μm from the Si seed. Estimated maximum SiGe temperature = 1017 °C. The final pair of branches from each tree-like structure have been excluded from the plots as the composition becomes non-uniform in these regions. The white regions in (**b**) have not been measured as in practice they would be etched away, leaving only the uniform composition SiGe. The central strip of each tree-like structure has a linear fit applied.](srep19425-f5){#f5}
